Cellulase and xylanase cDNAs were isolated from a cDNA library of the polycentric anaerobic fungus Orpinomyces sp. strain PC-2 constructed in Escherichia coli. The cellulase cDNA (celB) was 1.8 kb long with an open reading frame (ORF) coding for a polypeptide of 471 amino acids, and the xylanase cDNA (xynA) was 1.2 kb long with an ORF encoding a polypeptide of 362 amino acids. Single transcripts of 1.9 kb for celB and 1.5 kb for xynA were detected in total RNA of Orpinomyces grown on Avicel. Genomic DNA regions coding for CelA and XynA were devoid of introns. The enzymes were highly homologous (80 to 85% identity) to the corresponding enzymes of the monocentric anaerobic fungus Neocallimastix patriciarum and, like those, contained in addition to a catalytic domain, a noncatalytic repeated peptide domain (NCRPD). The Orpinomyces xylanase contained one catalytic domain and thus differed from the Neocallimastix xylanase, which had two similar catalytic domains (H. J. Gilbert, G. P. Hazlewood, J. I. Lauie, C. G. Orpin, and G. P. Xue, Mol. Microbiol. 6:2065-2072, 1992). Two peptides corresponding to the catalytic domain and the NCRPD of XynA were synthesized, and antibodies against them were raised and affinity column purified. The antibodies against the catalytic domain peptide reacted specifically with the xylanases of Orpinomyces and Neocallimastix, while the antibodies against the NCRPD reacted with many (at least eight) extracellular proteins of Orpinomyces and Neocallimastix, suggesting that the NCRPD is present in a number of polypeptides.
Since the first report of an anaerobic fungus (26) , more than a dozen morphologically distinct anaerobic fungi have been isolated from the alimentary tracts of herbivores and other environments (32) . Anaerobic fungi, placed in the class Chytridiomycetes (22) , have distinct ultrastructural and biochemical features that distinguish them from aerobic fungi; e.g., hydrogenosomes instead of mitochondria are involved in energy generation (35) and they possess highly active plant cell wall-degrading enzyme systems (7, 24, 25, 31) . Based on morphological patterns, anaerobic fungi have been classified into two groups, monocentric and polycentric (6) . Monocentric fungi have only one sporangium, while polycentric isolates have multiple sporangia. The sporangia from monocentric and polycentric fungi also differ in sizes and shapes.
Microorganisms differ in terms of the mode of enzymatic hydrolysis of the plant cell wall, particularly in the hydrolysis of cellulose. Aerobic fungi secrete individual enzymes, including endoglucanases, cellobiohydrolases, and ␤-glucosidases, that act synergistically on the substrate (19) . In contrast, anaerobic bacteria tend to produce multienzyme complexes attached to the cell surface. These consist mainly of endoglucanases, endoxylanases, and noncatalytic scaffolding proteins. Examples are the cellulosomes of Clostridium thermocellum (3, 16) and C. cellulovorans (13) . A high-molecularweight complex (HMWC) isolated from the anaerobic fungus Neocallimastix frontalis possessed endoglucanase, ␤-glucosidase, and cotton-solubilizing activities (30) . Several genes coding for polysaccharide hydrolases of Neocallimastix and Piromyces have been cloned and sequenced (4, 12, 15, 17, 36) . Most of them have, in addition to catalytic domains, regions encoding noncatalytic repeated peptide domains (NCRPDs) which are not involved in catalysis but have been postulated to be involved in the interaction of polypeptides in the HMWC. It has been demonstrated that the NCRPD of a Piromyces xylanase binds to 97-and 116-kDa proteins of the HMWC of Piromyces and Neocallimastix, respectively (15) .
In this paper, we describe the cloning and sequencing of cDNAs of a cellulase and a xylanase of the polycentric anaerobic fungus Orpinomyces strain PC-2 (6). The results suggest that monocentric and polycentric anaerobic fungi have established similar plant cell wall degradation systems.
MATERIALS AND METHODS
Organisms and vectors. Orpinomyces sp. strain PC-2 was isolated and described by Borneman et al. (7) . The fungus was grown at 39ЊC in medium (2) containing 0.2% Avicel microcrystalline cellulose (PH-101; FMC Corp., Newark, Del.) or oat spelt xylan (Sigma Chemical Co., St. Louis, Mo.). Escherichia coli XL-Blue, ZAPII, and pBluescript were products of Stratagene Cloning Systems (La Jolla, Calif.).
Construction and screening of an Orpinomyces cDNA library. Extraction of RNA, purification of mRNA, and construction of a cDNA library of Orpinomyces strain PC-2 were described previously (9) . Top agar containing 5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and 0.2% remazol brilliant blue (RBB)-carboxymethyl cellulose (CMC) (InterSpex Products, Inc., Foster City, Calif.) or RBB-xylan (Sigma) was used to isolate cellulase-and xylanase-producing clones. Positive clones were identified as clear haloes on a blue background due to diffusion of RBB after hydrolysis of CMC or xylan. Pure clones were obtained after a secondary screening. Clones of were converted into pBluescript SKϪ by in vivo excision, and the pBluescript DNA was purified from overnight cultures in Luria-Bertani medium containing 50 g of ampicillin per ml with the plasmid purification system from Qiagen (Chatsworth, Calif.). Nucleotide sequences of insert DNA were determined with an automatic PCR sequencer (Applied Biosystems). Universal and specific primers were used to sequence both strands of the inserts. Sequence data were analyzed with the Genetic Computer Group version 8 software (University of Wisconsin Biotechnology Center, Madison, Wis.) on the VAX/VMS system of the BioScience Computing Resource at the University of Georgia.
Peptide synthesis and antibody production and purification. Peptides were designed according to the deduced amino acid sequences. They were synthesized and conjugated to a tetramerically branched lysine backbone (27) . The homogeneity of the peptides was determined by high-pressure liquid chromatography on a reverse-phase column (V8; Applied Biosystems). The peptides (0.2 mg in 0.5 ml of sterile H 2 O) were mixed with 0.5 ml of complete Freund's adjuvant (Sigma). The mixtures were emulsified in 4-ml syringes and injected intramuscularly into adult New Zealand White rabbits. Booster injections were administered 3 and 6 weeks after the initial injection by the same procedures, except that incomplete Freund's adjuvant was used. Two weeks after the second booster injection, 50 ml of blood was drawn from each rabbit and serum samples were prepared and frozen at Ϫ20ЊC until analyzed. The titer was determined by enzyme-linked immunosorbent assays. Coupling of the peptides to amino groups of Sepharose and purification of peptide-specific antibodies were done with prepacked HiTrap NHS-activated columns (Pharmacia Biotech) as specified by the manufacturer.
SDS-PAGE and Western blot (immunoblot) analysis. Concentrated supernatant and complex enzymes were denatured by boiling for 5 min in 50 mM Tris-HCl (pH 6.8)-0.08% (wt/vol) glycerol-1.6% (wt/vol) sodium dodecyl sulfate (SDS)-0.04% (vol/vol) ␤-mercaptoethanol-0.0015% (wt/vol) bromophenol blue. Samples were immediately cooled to room temperature. The denatured proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (10% [wt/ vol] polyacrylamide) as described by Laemmli (21) . The electrophoresis was done with a Protein II xi cell (16 cm; Bio-Rad Laboratories). After electrophoresis, the proteins in the gels were transferred to polyvinylidene difluoride membranes for 2 h at a constant current of 150 mA in a Trans-Blot SD semidry transfer cell (Bio-Rad) with a buffer containing 20 mM Tris-HCl (pH 8.3), 20% (vol/vol) methanol, and 0.1% (wt/vol) SDS. The membrane was cut into two sections, one of which was subjected to Coomassie blue staining and one of which was used for Western blot analysis with the affinity-purified antipeptide antibodies described above using the immunoblotting kit from Bio-Rad Laboratories.
Northern blot analysis. Extraction of total RNA from Orpinomyces mycelia grown on Avicel was described previously (9) . Total RNA and digoxigeninlabeled RNA standards (Boehringer Mannheim) were denatured and separated on a formaldehyde-containing agarose gel (1.0%, wt/vol) (29) . Separated RNA molecules were transferred to a nylon membrane with the Turboblotter (Schleicher & Schuell, Inc., Keene, N.H.). Cross-linking of the RNA molecules to the membrane was done with a UV cross-linker (Stratagene Cloning Systems). Antisense RNA was synthesized and labeled with digoxigenin by using the DIG RNA Labeling Kit (Boehringer Mannheim). Hybridization with labeled probes, stringency washing, and detection of positive bands were done as specified by Boehringer Mannheim.
Analysis of genomic DNA. Orpinomyces strain PC-2 was grown for 3 days under the conditions described above, except that glucose (0.5%, wt/vol) instead of Avicel was used as the carbon source. Mycelia were collected by passing the culture through three layers of cheesecloth and by rinsing three times with H 2 O. Protoplast formation, disruption of cells, and recovery of chromosomal DNA were done by the method of Black et al. (5) . The size and purity of the DNA were determined by electrophoresis on a 0.6% (wt/vol) agarose gel and staining with ethidium bromide (29) . The oligonucleotides designed and synthesized include 5ЈATGAAATTCTTAAATAGTCTT3Ј and 5ЈGTAAGTTAATAAATACCAC A3Ј, corresponding to nucleotides 70 to 90 and 1471 to 1490, respectively, of celB (see Fig. 1 ), and 5ЈAATGAGAACTATTAAATTTT3Ј and 5ЈTTCTGCTTATA AACCACAACC3Ј, corresponding to nucleotides 88 to 107 and 1163 to 1183, respectively, of xynA (see Fig. 2 ). By using these oligonucleotides as primers with the genomic DNA isolated above and the cDNA library as templates, PCR were run on a model 480 thermal cycler (Perkin Elmer Co., Norwalk, Conn.). Amplification was performed for 30 cycles, with each cycle including 60 s of melting at 94ЊC, 45 s of annealing at 45ЊC, and 120 s of extension at 72ЊC. PCR products were separated by electrophoresis on agarose gels (1.5%, wt/vol) and visualized by ethidium bromide staining (29) .
Nucleotide sequence accession numbers. The nucleotide sequences of celB and xynA of Orpinomyces sp. strain PC-2 have been assigned accession numbers U57818 and U57819, respectively, in the GenBank database. 4 PFU was plated. Ten of these plaques were purified by a secondary screening and converted into pBluescript plasmids. The other 11 cellulase-positive phage clones were not studied further. The restriction and Southern analyses indicated that these 10 plasmids contained different lengths of two distinct cDNAs. The longest inserts of them were 2.7 kb (celA) and 1.8 kb (celB).
The library was also screened for xylanase-producing plaques with RBB-xylan as an indicative substrate. Twentyeight xylanase-producing plaques were obtained after screening 2 ϫ 10 4 PFU. Eight of these randomly chosen were purified by secondary screening and converted into pBluescript plasmids. The other 20 were not studied further. Southern analyses of the eight plasmids demonstrated that they had similar restriction patterns and hybridized to each other. Sequencing of both ends of the inserts showed that they were transcripts from the same gene (xynA) differing in length at the 5Ј ends.
The results demonstrated that active polysaccharide hydrolases were expressed from Orpinomyces strain cDNAs in Escherichia coli. Active enzymes have been expressed in E. coli by using cDNAs from the monocentric anaerobic fungi Neocallimastix (4, 17, 33, 34) and Piromyces (1). This is in contrast to studies with aerobic fungi. Xue et al. (33) pointed out that active hydrolases have not been produced from them when E. coli was used as the host. This might reflect a fundamental difference in terms of structures and evolution of hydrolases between aerobic and anaerobic fungi. The screening methods used here gave positive results with endoglucanases and endoxylanase but probably not with cellobiohydrolases. Thus, other cellulolytic and xylanolytic enzymes may be found in the future.
Nucleotide and deduced amino acid sequences of the Orpinomyces strain PC-2 celB and xynA. The complete nucleotide sequences of celB and xynA were determined in both strands. The data for celB are given in Fig. 1 . The total length of the cDNA insert was 1,825 bp, and it contained a putative open reading frame (ORF) encoding a polypeptide of 471 amino acids with a calculated molecular mass of 53,103 Da. After the ORF, a long 3Ј noncoding AT-rich end (339 bp) was observed but no typical long poly(A) stretch was found. The size of CelB is similar to that of CelB of the monocentric anaerobic fungus N. patriciarum (36) . The GϩC content of the ORF of celB was 35.9%, and that of the 5Ј and 3Ј noncoding regions was extremely low (13.8%).
The cDNA insert of xynA consisted of 1,213 bp with an ORF encoding a polypeptide of 362 amino acids (Fig. 2) . The putative start codons for xynA as well as for celB above were assigned based on the fact that there were stop codons preceding the ORFs and that their amino-terminal peptides contained hydrophobic amino acid regions characteristic of secretion signal peptides of fungal extracellular enzymes (17, 23) . The calculated molecular mass for XynA was 39,542 Da, which is about half of the molecular masses of the three xylanases cloned from monocentric anaerobic fungi (4, 15, 17) . The GϩC content was 42.2% for the ORF and 10.8% for the 5Ј and 3Ј noncoding regions. There was a 15-mer poly(A) tail at the 3Ј end.
A high AϩT content (64%) was also found for a cyclophilin cDNA of Orpinomyces strain PC-2 (9). The monocentric anaerobic fungi N. frontalis and N. patriciarum have AT-rich genes (4, 14, 17, 28, 36 ) and an extremely AT-rich genome (8) .
It appears that the genomes of both monocentric and polycentric anaerobic fungi have similar low GϩC contents.
Homology of CelB and XynA to enzymes from other microorganisms. The deduced amino acid sequences of celB and xynA from Orpinomyces strain PC-2 were used to search for homologous sequences in the SWISS-PROT and GP data banks. A number of cellulases homologous to CelB (Table 1) were found. The highest identity was with CelB (83.1%) of N. patriciarum (36) , which has 473 amino acids and has been assigned to glycosidase family A (18), which contains endoglucanases mainly from anaerobic bacteria. Thus, the CelB from Orpinomyces PC-2 might be added to this family of glycanases. In addition, the cellulases of anaerobic fungi have NCRPDs (two peptides of 40 amino acids each) and linker peptides separating their catalytic domains and NCRPDs. A comparison between Orpinomyces and Neocallimastix CelBs is given in Fig. 3 . The identities between their catalytic domains and NCRPDs were extremely high. Less homology was observed in the putative secretion signal peptide regions and the linker regions. Two deletion and/or insertion mutations between these two enzymes were found in the linker region.
As noticed previously, the size of Orpinomyces XynA is about half of that of XYLAs of Neocallimastix (17) and Piromyces (15) . This size difference is due to the presence of one catalytic domain in Orpinomyces XynA but two catalytic domains in Neocallimastix and Piromyces XYLAs. The levels of identities of Orpinomyces XynA with several fungal and bacterial xylanases which belong to family G glycanases (18) are shown in Table 2 . Orpinomyces XynA is therefore placed into this family. The identities of the Orpinomyces XynA catalytic domain with the two catalytic domains of N. patriciarum XYLA (17) and N. frontalis Xyn1 (accession number X82266) were 86 to 90% ( Table 2 ). The identity between the whole sequences of N. patriciarum XYLA and N. frontalis Xyn1 was 99%, and that between the two catalytic domains of each enzyme was 92%. By contrast, Orpinomyces XynA had only moderate levels of identity with the two catalytic domains (33.5 and 34.5% [ Table 2 ]) of Piromyces XYLA (15) . The cDNAs of both catalytic domain regions of Neocallimastix XYLA were separately expressed into functional xylanases (17) , while the cDNA coding for the N-terminal catalytic domain of Piromyces XYLA cloned into E. coli failed to produce an active xylanase (15) . A comparison between the Orpinomyces XynA and Neocallimastix XYLA is given in Fig. 4 . Insertion and/or deletion mutations were found only in the putative signal peptides and linker regions. The organization of the catalytic and repeated peptide domains of polysaccharide hydrolases cloned from anaerobic fungi is illustrated in Fig. 5 . Regardless of monocentric or polycentric isolates, the NCRPDs (36 to 40 amino acids each) are highly homologous to each other and among different enzymes (Fig. 6 ). Regions such as GYXCC, WGVEN, and WCG are completely conserved. The high levels of identity among the repeated peptides from the three fungi contrasted with the low level of homology among the catalytic domains of the xylanase of Piromyces and the corresponding domains of 
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ORPINOMYCES CELLULASE AND XYLANASE 631 the xylanases of Neocallimastix and Orpinomyces. The number of repeated peptides and their locations differs between the enzymes. Piromyces XYLA had the noncatalytic domain with two repeated peptides between the two catalytic domains, and its MANA had three repeated peptides at the C terminus, while other enzymes had two repeated peptides at their C termini (Fig. 5) . It has been suggested that the NCRPDs bind to scaffolding polypeptides, forming cellulase-hemicellulase HMWCs (15) . This is similar to the cellulosomes of C. thermocellum and C. cellulovorans where it has been shown that NCRPDs present in a number of catalytically active polypeptides bind to scaffolding polypeptides CipA (3, 10, 11, 20) and CbpA (13) . Many extracellular proteins of anaerobic fungi contain the repeated peptide domain. To determine whether the NCRPD is present in a variety of extracellular polypeptides of anaerobic fungi, specific antibodies against synthetic peptides of Orpinomyces XynA were raised and Western blotting was performed with the extracellular proteins of Orpinomyces and Neocallimastix grown on Avicel (Fig. 7) . Antibodies against OPX1, a region of the catalytic domain (Fig. 2) , used as a control gave one weak band of 38 kDa and one strong band of 29 kDa with Orpinomyces proteins (Fig. 7, lane 1) . The 38-kDa band matches the band (39.5 kDa) of the deduced XynA, while the 29-kDa band might be a truncated form of XynA. We speculate that the cleavage is in the linker region and that the 29-kDa band is actually the 29-kDa xylanase purified recently in our laboratory. One strong band (65 kDa) was detected with Neocallimastix proteins when using anti-OPX1 (lane 2); this band is in agreement with the band (66 kDa) of N. patriciarum XYLA (17) . The recognition of the Neocallimastix xylanase band by the anti-OPX1 antibodies is attributed to the fact that the OPX1 region is highly conserved between the Neocallimastix XYLA and Orpinomyces XynA (Fig. 4) . By contrast, antibodies against OPX2, the first repeated peptide of XynA (Fig.  2) , bound to a number of (at least eight counted) extracellular proteins of Orpinomyces (Fig. 7, lane 3) and Neocallimastix (lane 4), demonstrating that very similar sequences are present in several extracellular proteins of the two fungi. The molecular masses of these proteins ranged from 30 to 100 kDa for Orpinomyces and 35 to 110 kDa for Neocallimastix. The above data revealed that many polypeptides produced by Orpinomyces and Neocallimastix have the NCRPDs. The presence of these domains strengthens the suggestion by Fanutti et al. (15) of cellulosome-like complexes in anaerobic fungi. It should be noted that fungal complexes differ in size, stability, number of subunits, and types of enzyme activities from those of the clostridial cellulosomes (30) .
The presence of highly similar NCRPDs in a larger number of extracellular proteins of the anaerobic fungi and catalytic domains of hydrolases between Orpinomyces and Neocallimastix suggests that DNA sequences encoding these domains might have evolved from common ancestral genes. On the other hand, the catalytic domains of Piromyces XYLA differ from those of Orpinomyces XynA and Neocallimastix XYLA. This implies that the DNA sequences coding for the NCRPDs and catalytic domains of the Piromyces XYLA enzymes may have separate origins. The sequence homology between the catalytic domains in the CelBs of Neocallimastix and Orpinomyces and between XynA and XYLA of these two fungi suggests the possibility that horizontal gene transfers involving celB and xynA between the two fungi occurred fairly recently or that the two fungi are closely related at the phylogenetic level even though they display very different morphological and physiological properties (6, 7) . The duplication of the catalytic domains in Neocallimastix xynA could be more recent than the division of the xylanase genes between Orpinomyces and Neocallimastix, since the two catalytic domains of Neocallimastix XYLA are more similar to each other than to that of Orpinomyces XynA.
The coding regions of celB and xynA are devoid of introns. The ORF regions of celB and xynA genomic DNA were amplified by PCR, and their sizes were compared with those amplified from the cDNAs (data not shown). DNA bands of 1.8 kb for celA and 1.2 kb for xynA were visualized by using either genomic DNA or a cDNA library as the template. Sequencing of the PCR products amplified from genomic DNA revealed that they matched perfectly with the cDNA sequences. The above data indicate that these two genes are devoid of introns in their ORF regions. The Neocallimastix celB gene is also devoid of introns (36) . The lack of introns in 3) and N. frontalis EB188 (2) (lanes 2 and 4) were separated by SDS-PAGE and analyzed by Western blotting with affinity column-purified antibodies (5 g/ml) against OPX1 (lanes 1 and 2) and OPX2 (lanes 3 and 4) . Broad-range protein standard markers (Bio-Rad) including myosin (200 kDa), ␤-galactosidase (116 kDa), phosphorylase b (97.4 kDa), serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), and trypsin inhibitor (21.5 kDa) were run and transferred to polyvinylidene difluoride membranes under identical conditions. The protein markers on the membranes were visualized by Coomassie blue staining, and their positions of migration are indicated on the right. A weak band of 38 kDa in lane 1 is indicated by an arrow. the hydrolase genes of the anaerobic fungi is in contrast with the hydrolase genes of aerobic fungi, which usually have introns (19, 23 ). An intron containing the enolase gene from N. frontalis has been recently reported (14) . Our results here support the theory that the hydrolase genes isolated so far from the rumen anaerobic fungi have a prokaryotic origin (17, 36) , with an exception that CELA of N. patriciarum is structurally similar to cellobiohydrolases of aerobic fungi (12) . Of particular interest is whether the N. patriciarum CELA gene contains introns.
Analysis of celB and xynA transcripts. RNA extracted from Avicel-grown cultures of Orpinomyces strain PC-2 was subjected to Northern blot analysis with digoxigenin-labeled antisense RNAs of celB and xynA (Fig. 8) . The sizes of celB and xynA transcripts were 1.9 and 1.5 kb, respectively, i.e., slightly larger than the celA and xynA cDNAs. The size difference could be due to inaccurate determination of the transcripts on the Northern blot or to the fact that celA and xynA cDNAs lost some untranslated ends. Two transcripts of 2.0 and 2.2 kb with equal intensity were detected for N. patriciarum celB (33) . These transcripts were also larger than the cDNA (1.7 kb) (36) . The transcript sizes of the xylanase genes of Neocallimastix and Piromyces have not been reported.
